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Abstract
Bose-Einstein correlations in W-pair decays are studied using data collected by the ALEPH
detector at LEP at e+e− centre-of-mass energies from 183 to 209 GeV. The analysis is based
on the comparison of WW → qq¯qq¯ events to “mixed” events constructed with the hadronic
part of WW → qq¯`ν events. The data are in agreement with the hypothesis that Bose-
Einstein correlations are present only for pions from the same W decay. The JETSET model
with Bose-Einstein correlations between pions from different W bosons is disfavoured.
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1 Introduction
The existence of Bose-Einstein (BE) correlations between identical bosons in hadronic final
states is well established. This effect was first observed experimentally in like-sign charged pions
produced in pp¯ collisions [1] and then in different hadronic final states produced by various
initial states [2–8]. It leads to an enhancement of the two-particle differential cross section for
pairs of identical pions close in phase space. More recently BE correlations were also studied in
hadronic Z decays [9–12], and observations of these correlations in W-pair production at LEP
2 have already been reported [13–16]. Theoretically, it is unclear to what extent Bose-Einstein
interference occurs between the decay products of the two W bosons in the WW → qq¯qq¯ channel
[17]. Such interference, if sizeable, may influence the W mass measurement [17, 18].
The ALEPH analysis of BE correlations in W-pair decays based on the comparison of like-sign
and unlike-sign pion pairs is described in detail in Ref. [13]. In view of a sound comparison and
combination with other LEP experiments the analysis presented here uses the so-called “mixed”
method [19]. In this method fully hadronic W-pair decays are compared with a reference event
sample constructed by mixing the hadronic parts of semileptonic decays, WW → qq¯`ν . By
construction, these “mixed” events have BE correlations between pions from the decay of the
same W, but none between pions from different W bosons. The comparison is therefore sensitive
to the Bose-Einstein enhancement at low momentum transfer, Q, of the two-particle differential
cross section for like-sign pions from different W bosons in WW → qq¯qq¯ events. The variable
Q is defined as
Q =
√
−(p1 − p2)2, (1)
in which p1 and p2 are the four-momenta of the two pions.
2 The ALEPH detector
A detailed description of the ALEPH detector can be found in Ref. [20], and of its performance
in Ref. [21]. Charged particles are detected in the central part, consisting of a precision silicon
vertex detector, a cylindrical drift chamber and a large time projection chamber, measuring
altogether up to 31 space points along the charged particle trajectories. A 1.5 T axial magnetic
field is provided by a superconducting solenoidal coil. Charged particle transverse momenta are
reconstructed with a 1/pT resolution of
(
6× 10−4 ⊕ 5× 10−3/pT
)
(GeV/c)−1. In the following,
good tracks are defined as charged particle tracks reconstructed with at least four hits in the
time projection chamber, originating from within a cylinder of length 20 cm and radius 2 cm
coaxial with the beam and centred at the nominal collision point, and with a polar angle θ with
respect to the beam such that | cos θ| < 0.95.
Jets originating from b quarks are identified with a lifetime b-tagging algorithm [22], which
takes advantage of the three-dimensional impact parameter resolution of charged particle tracks.
For tracks with two space points in the silicon vertex detector (i.e., | cos θ| < 0.7), this resolution
can be parametrized as (25 + 95/p) µm, with the momentum p in GeV/c.
In addition to its roˆle as a tracking device, the time projection chamber also measures the
specific energy loss by ionization dE/dx. It allows low momentum electrons up to 8 GeV/c to
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be separated from other charged particle species by more than three standard deviations.
Electrons (and photons) are also identified by the characteristic longitudinal and transverse
developments of the associated showers in the electromagnetic calorimeter, a 22 radiation length
thick sandwich of lead planes and proportional wire chambers with fine read-out segmentation.
The relative energy resolution achieved is 0.18/
√
E (E in GeV) for isolated electrons and
photons.
Photon conversions to e+e− in the detector material are identified as a pair of oppositely-
charged particle tracks satisfying the following conditions: (i) the measured dE/dx of the two
tracks is within 3σ of that expected for electrons; (ii) the distance between the two tracks at
their point of closest approach is smaller than 1 cm in the plane transverse to the beam and
less than 2 cm along the beam direction; and (iii) the invariant mass is smaller than 30 MeV/c2,
when calculated as for an e+e− pair coming from this point of closest approach.
Muons are identified by their characteristic penetration pattern in the hadron calorimeter, a
1.5 m thick iron yoke interleaved with 23 layers of streamer tubes, together with two surrounding
double-layers of muon chambers. In association with the electromagnetic calorimeter, the hadron
calorimeter also provides a measurement of the hadronic energy with a relative resolution of
0.85/
√
E (E in GeV).
The total visible energy is measured with an energy-flow reconstruction algorithm which
combines all the above measurements, supplemented by the energy detected at low polar angle
(down to 24 mrad from the beam axis) by two additional electromagnetic calorimeters, used for
the luminosity determination. In addition to the total visible-energy measurement, the energy-
flow reconstruction algorithm also provides a list of reconstructed objects, classified as charged
particles, photons and neutral hadrons, and called energy-flow particles in the following.
3 Data samples, event and track selection
The results presented in this letter have been obtained with data collected by the ALEPH
detector at centre-of-mass energies between 183 and 209 GeV. The event selections are those used
in Ref. [23] with an additional cut (0.3) on the neural-network selection function for WW → qq¯qq¯
events. The integrated luminosity used in this analysis is 683 pb−1, the number of events selected
in the WW → qq¯qq¯ channel is 6155 and it is 4849 in the WW → qq¯`ν channel.
Only good tracks are considered as possible pion candidates, but those identified as electrons
and muons in the calorimeters, and those identified as arising from a photon conversion, or K0
and Λ0 decay, are rejected. In addition, good tracks with a momentum smaller than 5 GeV/c
and with a dE/dx compatible with that of an electron within three standard deviations are
excluded from the data sample.
Successive arcs of spiraling tracks passing near the time projection chamber membrane are
sometimes split into multiple tracks very close in momentum and in space. To reject them, tracks
are required to have at least three hits in the first five layers of the time projection chamber,
which in cases where a single particle is incorrectly reconstructed as two or more separate tracks,
virtually eliminates the possibility of more than one of these tracks being accepted.
6
Finally, potential problems of pattern recognition with close tracks are alleviated by only
considering pairs of tracks with an opening angle in excess of 3◦.
After this selection Monte Carlo studies show that the purity of the pipi pairs is about 80%
in the low Q region where BE correlations are expected.
4 Description of the event mixing technique
Mixed events are constructed from the hadronic parts of two different WW → qq¯`ν events,
taking into account the electric charge of the leptonically decaying W boson so that a W+ is
always mixed with a W−. The electric charge of τ decays is determined as explained in Ref.
[24]. Each semileptonic event is used at most once in this analysis. Pairs of selected semileptonic
events are chosen at random, until there are no remaining semileptonic events with leptonically
decaying W bosons of a given charge. In total 2406 such events are constructed.
Momentum conservation is imposed on mixed events as follows: all reconstructed particles
of one of the two W bosons, chosen at random, are first boosted to the rest frame of this W
boson, and then boosted again to have a momentum of the first W boson exactly opposite to
that of the second W boson.
5 Monte Carlo simulation
Bose-Einstein correlations among identical bosons in multihadronic final states are simulated
with the JETSET model (option BE32 with Gaussian parametrization [25] implemented in
the PYTHIA Monte Carlo generator [26], version 6.1). A global fit of the free BE and QCD
parameters of the model is performed using hadronic Z decay data.
The variable parameters considered are the strength parameter λinputBE and the width
parameter σinputBE . The latter can be interpreted as the inverse size of the pion emission region.
The minimum width of resonances for which the decay products are assumed to take part in the
BE correlation effect is kept at its default value (0.020 GeV). As the JETSET method consists
of shifting momenta of identical bosons close in phase space, the jet properties are changed
and a simultaneous tuning of the most important fragmentation parameters becomes necessary.
The JETSET parameters ΛQCD, Q0, σ, a and b are considered in this global tuning. The
set of distributions includes the normalized Q-distribution of same-sign charged particle pairs,
in the range 0.04 – 1.0 GeV, together with several event-shape and inclusive charged particle
momentum distributions. The tuning procedure is described in Ref. [27]. The distributions are
measured in Z → qq¯ events with natural flavour mix and in a sub-sample depleted in bb¯.
Standard cuts [27] are applied to select 106 hadronic Z decays recorded in the 1994 data
taking period. By requiring the probability Puds [22] that all tracks originate from the main
interaction vertex to be larger than 10−2.2, the bb¯ content is reduced to 5%.
To correct the data for the effects of the detector and of the selection cuts, bin-by-bin
correction factors determined by Monte Carlo simulation are applied. It is found that at small
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Table 1: Fitted BE correlation and QCD parameters for Z → all flavours and for light flavours (udsc).
Since the parameters a and b are strongly correlated, one of them, b, is held fixed for technical reasons.
The parameter b is adjusted to the measured b-quark fragmentation function [28]. The PYTHIA6.1
version used includes ALEPH-specific modifications to heavy flavour decay tables. The Q-distribution is
not used in the no-BE correlation (noBEC) fits.
all flavours udsc
parameter PARJ BEC noBEC BEC noBEC
λinputBE (92) 1.107 - 1.137 -
σinputBE (GeV) (93) 0.330 - 0.335 -
ΛQCD (GeV) (81) 0.274 0.269 0.276 0.269
Q0 (GeV) (82) 1.67 1.43 1.76 1.44
σ (GeV) (21) 0.379 0.369 0.375 0.364
a (41) 0.502 0.506 0.509 0.508
b (GeV−2) (42) 0.800 0.900 0.800 0.900
b (55) –0.0020 –0.0024 –0.0020 –0.0024
values of Q, below 0.3 GeV, the correction factors depend on the BE correlation parameters.
A three-step iterative procedure is therefore applied. The corrected Q-distribution for the b-
depleted case is shown in Fig. 1.
The best fit is shown as solid line in Fig. 1. It provides a reasonably good description of the
data. The maximum deviation is 4% for Q below 0.1 GeV. The PYTHIA simulation without
BE correlations does not describe the data. The distribution of opposite-sign charged particle
pairs, if restricted to Q values below the K0S and resonance regions, is also well described but
has negligible effect on the results if included in the fit. The fitted parameters are given in Table
1. The correlation coefficient between λinputBE and σ
input
BE is large and amounts to −0.79. The
values obtained from the b-depleted sample (“udsc”) are used for the simulation of BE effects
in W decays in the following. The values obtained from the “all flavours” fit are used for the
simulation of the qq¯ event sample with BE correlations needed for the background subtraction.
For the study of W decays two Monte Carlo simulations are performed. The “BEI” (Bose-
Einstein Inside) stands for the case in which BE correlations do not occur between decay products
of different W bosons, and “BEB” (Bose-Einstein Both) if they do. The programs KORALW
[29] and KKMC [30] are used to generate WW and qq¯ events, respectively. The simulated
distributions for this analysis are the sum of distributions generated at different centre-of-mass
energies weighted by the integrated luminosities.
6 Analysis method
The Bose-Einstein enhancement in pair production of identical pions is studied using a two-
particle correlation function, derived from the ratio of the number of like-sign pion pairs in
events selected as WW → qq¯qq¯ decays (N++,−−Sel. 4q ) to the number of like-sign pion pairs in mixed
events (N++,−−Mixed ). Since the event mixing technique could introduce systematic distortions to
the distribution of this variable, the ratio for data is divided by the same ratio obtained from
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the WW events Monte Carlo simulation with BEI correlations. The resulting double ratio is
given by
D′(Q) =
(
N++,−−Sel. 4q / N
++,−−
Mixed
)data
(
N++,−−Sel. 4q / N
++,−−
Mixed
)MC,BEI . (2)
The qq¯ background is subtracted from the data selected as WW → qq¯qq¯ decays using events
generated with the parameters given in Table 1. Any significant deviation from unity of the
measured D′(Q) at low Q would indicate BE correlations between pions from different W bosons.
The same formula is used with the numerator computed from Monte Carlo simulations where
BE correlations in the WW signal are simulated according to the BEB model. This allows the
measured D′(Q) distribution at low Q to be compared with the prediction of the BEB Monte
Carlo simulation, thus providing evidence for or against the validity of the BEB model.
An alternative distribution is obtained from the difference of the number of like-sign pion
pairs in events selected as WW → qq¯qq¯ decays and the number of like-sign pion pairs in mixed
events in both data and WW events Monte Carlo simulation,
∆ρ′(Q) =
(
N++,−−Sel. 4q − N++,−−Mixed
)data −
(
N++,−−Sel. 4q − N++,−−Mixed
)MC,BEI
. (3)
A deviation of ∆ρ′(Q) from zero at low Q would also indicate the existence of BE correlations
between pions originating from different W bosons.
7 Results
The data and simulated BEB distributions of D′(Q) are shown in Fig. 2. They are fitted, in the
Q range 0-3 GeV, with the following functional form:
D′(Q) = κ(1 + λe−σ
2Q2) . (4)
The parameters λ and σ describe BE correlations, while the variable κ gives the overall
normalization. The fitted values should not be compared directly to those obtained in Ref. [13],
that were used to parametrize the distribution of a different variable (R∗). The variables λ and
σ used here can be compared, however, to the variables Λ and k used by L3 [16] , while they are
different from the variables Λ and R used by the OPAL [15] Collaboration because of different
fitting formulae.
The results are given in Table 2. The simulated BEB distribution is fitted with three
parameters. The data distribution does not show any enhancement in the region where BE
correlations are expected. Therefore data are fitted with the value of σ fixed to that obtained
from a fit to the BEB distribution. In contrast to the analysis in Ref. [13], the bin-to-bin
correlations are important. In order to avoid biases from statistical fluctuations the expected
uncertainties are used in the fit.
The alternative ∆ρ′(Q) distribution is shown in Fig. 3. The data and simulated BEB
distributions are integrated to Qmax = 0.6 GeV. The value of the integral (I∆ρ′) is −0.127±0.143
for the data and 0.699± 0.055 for the BEB simulation.
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The lower parts of Figs. 2 and 3 show the corresponding distributions for the unlike-sign
pairs. The enhancement of the BEB simulation at low Q is interpreted as a feature of the
JETSET implementation of BE correlations.
Table 2: Results of the fit to the D′(Q) distributions for data and simulation. The correlation between
λ and σ is denoted Cλσ. Only statistical uncertainties are shown.
Sample κ λ σ (GeV−1) Cλσ
three-parameter fit to κ(1 + λe−σ
2Q2)
BEB 0.985 ± 0.003 0.081 ± 0.005 2.31 ± 0.09 0.53
two-parameter fit to κ(1 + λe−2.31
2Q2)
Data 0.993 ± 0.008 -0.004 ± 0.011
BEB 0.985 ± 0.003 0.081 ± 0.004
8 Systematic uncertainties
Systematic uncertainties are listed in Table 3. They are divided into four categories and discussed
below:
• Track selection bias. The double ratio (Eq. 2) and the double difference (Eq. 3) are robust
against systematic biases from the track selection. A set of cuts for track selection is
used in the analysis as described in Section 3. As a cross-check, the analysis is repeated
with these cuts removed one by one in the simulation only. The maximum difference is
conservatively given as systematic uncertainty in Table 3.
• Event selection. In order to cross-check the quality of the mixing technique, the whole
analysis is repeated with different Neural Network cuts for the WW → qq¯qq¯ selection and
different semileptonic selections. The differences to the results of the standard analysis
have a large statistical component. Conservatively the maximum difference is given as
systematic uncertainty in Table 3.
• Background subtraction. The qq¯ background is subtracted from the data selected
as WW → qq¯qq¯ decays. It was found that the Monte Carlo simulation with
λinputBE =0.9 describes better hadronic Z decays into four jets. The difference between results
obtained with the qq¯ background subtraction simulated with the parameters given in
Table 1 and simulated with the parameter λinputBE =0.9 is treated as systematic uncertainty.
Additional uncertainties arise from the 3% uncertainty in the qq¯ production cross section
and because no background subtraction is performed in mixed events.
• Close tracks. The whole analysis is repeated without the 3◦ opening angle cut. The results
are found to be statistically compatible with those obtained with this cut.
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Table 3: Systematic uncertainties
λ I∆ρ′
track selection 0.006 0.092
event selection 0.012 0.171
background subtraction 0.003 0.044
total 0.014 0.199
9 Conclusions
Bose-Einstein correlations in W-pair decays have been studied by comparing WW → qq¯qq¯
events to those constructed by mixing the hadronic parts of two selected WW → qq¯`ν decays.
When the Bose-Einstein source size is fixed to the value predicted by the JETSET BEB model
tuned at the Z peak, a two-parameter fit to the D′(Q) distribution gives the strength parameter
λ consistent with zero:
λ = −0.004± 0.011± 0.014,
which is 4.7 σ below the JETSET BEB model prediction of 0.081 ± 0.004.
Similarly, no enhancement is observed in the ∆ρ’ distribution:
I∆ρ′ = −0.127± 0.143± 0.199 .
In conclusion, the data are in agreement with the hypothesis where BE correlations are
present only for pions coming from the same W. The JETSET model tuned at the Z peak
with BE correlations between pions from different W bosons is disfavoured. This statement is in
agreement with the previously published ALEPH result on BE correlations in W-pair decays [13]
based on the comparison of like-sign and unlike-sign pion pairs. It also agrees with the results
from the other LEP experiments [14–16].
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Figure 1: The normalized and corrected Q distribution of same-sign charged particle pairs in b-depleted
Z decays, compared to model predictions (a). The relative deviation of the model predictions from the
data is shown in (b). The grey band indicates the statistical errors.
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Figure 2: D′(Q) distributions for data and simulation with Bose-Einstein correlations for like-sign pairs
(a) and unlike-sign pairs (b). Only statistical uncertainties are shown. The dashed-dotted line represents
the results of the two-parameter fit to the data.
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Figure 3: ∆ρ′(Q) distributions for data and simulation with Bose-Einstein correlations for like-sign pairs
(a) and unlike-sign pairs (b). Only statistical uncertainties are shown.
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